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EFFECTS OF ANGm OF ATTACK AND BLUNTNESS ON LAMINAR 

HEATING-RATE DISTRIBUTIONS OF A 15O CONE 

AT A MACH NUMBER OF 10.6 

By Joseph W .  Cleary 

A m e s  Research Center 

SUMMARY 

An inves t iga t ion  w a s  conducted t o  determine t h e  e f f e c t s  of angle of 
a t t a c k  and bluntness  on t h e  laminar heat ing-rate  d i s t r ibu t ions  of a l5O semi-
apex cone. Heating r a t e s  w e r e  obtained from wind-tunnel t es t s  i n  a i r  a t  a 
Mach number of 10.6 f o r  free-stream u n i t  Reynolds numbers of 0 .k106,  1.a<106, 
and 1.8~10~per  foo t .  Included are measurements of surface s t reamlines  made 
by an o i l - s t r e a k  technique. Resul ts  are presented f o r  a range of angles of 
a t t a c k  from Oo t o  20' and bluntness  r a t i o s  from 0 t o  0.183. 

The r e s u l t s  show t h a t ,  a t  a = 00 , increasing bluntness  reduced the  
heat ing rates and prevented the  onset  of boundary-layer t r a n s i t i o n .  Bluntness 
was e f f ec t ive  a l s o ,  a t  a > Oo, i n  delaying t r a n s i t i o n  on the  lee s ide .  On 
the  windward surface,  bluntness  d i s t o r t e d  the  f l a t  -plate  type hea t ing- ra te  
d i s t r ibu t ions  of t he  sharp cone. For the  b l u n t e s t  model, t he  windward heating-
rate  d i s t r ibu t ions  have minima and maxima t h a t  appear r e l a t e d  t o  the pressure 
d i s t r ibu t ions .  

For a = Oo, good agreement of measured heat ing rates with sharp- and 
blunted-cone theo r i e s  w a s  observed. Comparisons f o r  a > 0' demonstrate t he  
general  s u i t a b i l i t y  of s i m i l a r i t y  theory f o r  es t imat ing laminar heat ing r a t e s  
on spher ica l ,  b lun t  cones. Comparisons of surface streamlines with inv isc id  
theory show s ign i f i can t  e f f e c t s  of bluntness  on boundary-layer crossflow; the  
e f f e c t s  of crossflow on heating r a t e s  appear s m a l l  f o r  t h e  angle-of-attack 
range of the  t e s t .  

INTRODUCTION 

An evaluat ion of convective heat ing i s  an e s s e n t i a l  aspect  t o  the  proper 
design of hypersonic vehicles .  I f  l i f t  i s  employed, heat ing may prove d i f f i ­
c u l t  t o  estimate even f o r  laminar flows because of t he  d i f f i c u l t y  of  evaluat­
ing f a c t o r s  re levant  t o  heat ing,  such as boundary-layer p r o f i l e s  , entropy
gradients  , and streamline geometry. For s m a l l  angles of a t t a c k  and bluntness ,  
es t imat ing heat ing can be s impl i f ied  s ince  boundary-layer s i m i l a r i t y  may 
apply. However, t he  range of appl ica t ion  of boundary-layer s i m i l a r i t y  i s  not 
w e l l  defined s ince  it may depend on several parameters, for example, Reynolds 
number, vehicle  shape, and gas composition. There i s ,  therefore ,  a necess i ty  
f o r  measurements of heat ing rates which designers may use d i r e c t l y  and which 
can serve t o  ve r i fy  t h e o r e t i c a l  estimates. 

The purpose of t h i s  inves t iga t ion  i s  t o  present  measurements of t he  
e f f e c t s  of angle of a t t a c k  and bluntness  on laminar heat ing r a t e s  of  a 1-5' 



semiapex cone. Resul ts  are presented from wind-tunnel tests i n  a i r  a t  a Mach 
number of 10.6. The tes t s  spanned a range of bluntness  ( r a t i o  of nose rad ius  
t o  base rad ius)  from 0 t o  0.183 and angles of  a t t a c k  from 0' t o  20'. Resul ts  
a r e  given f o r  f ree-s t ream u n i t  Reynolds numbers of  0.4X1O6, 1.a<106,and 
1.8~10~
per  foot  and for a r a t i o  of w a l l  t o  t o t a l  temperature of about 0.3. 
Model base diameter w a s  1foot .  An o i l - s t r e a k  technique w a s  used t o  measure 
the  d i r ec t ion  of  t he  surface flow. A secondary ob jec t ive  of  the  present  
inves t iga t ion  i s  t o  compare measurements wi th  s impl i f ied  approaches t o  estimat ­
ing heating. Heating rates f o r  sharp and b lun t  cones are compared with rates 
predicted by s i m i l a r i t y  methods given i n  references 1 t o  4. Surface stream­
l i n e s  re levant  t o  heat ing a re  compared with inv i sc id  pred ic t ions  by the  
approximate and exact methods of references 5 and 6 ,  respec t ive ly .  The present
r e s u l t s  provide i n  more complete form the  preliminary r e s u l t s  given i n  
reference 7. 

NOTATION 

CP pressure coe f f i c i en t ,  (2 - 1) & 

C spec i f i c  heat  


F pressure funct ion,  equation ( A ~ o )  


GO stagnation-point ve loc i ty  grad ien t  function, equation (5)  


g enthalpy 


h sca l e  f a c t o r ,  equation (A5)  


L sharp-cone length 


M Mach number 

m exponent, equation (6) 

An streamline spacing 

P s t a t i c  pressure 

q heat  - t ransfer  rate 

R radius  of sphe r i ca l  nose 

Re  Reynolds number based on model length 

S streamline coordinate 

T temperature 

t time 
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veloc i ty  


rectangular coordinate s 


body -axis c y l i n d r i c a l  coordinates 


wind -axis coordinates 


angle of a t t a c k  


pressure -gradient parameter, equation (4) 


r a t i o  of s p e c i f i c  hea ts  


cone semiapex angle 


polar  angle of t he  nose (sketch ( e ) )  


density 


thickness 


angle of streamlines t o  cone elements (sketch ( d ) )  


i n c l i n a t i o n  of cone elements t o  the  free-stream ve loc i ty  


Subscripts 

model base 

edge of boundary l aye r  

sphere -cone tangent point 

maximum 

minimum 

stagnation poin t  

sharp cone 

s tagnat ion  l i n e  

t r a n s i tion 

w a l l  

f r e e  stream 
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Superscr ipts  

* u n i t  value 

- b lun te s t  model 

t d i f f e r e n t i a t i o n  

- e f f e c t i v e  value 

APPARATUS AND TESTS 

F a c i l i t y  

The t e s t s  were conducted.in a i r  i n  the  Ames 3.5-Foot Hypersonic Wind 
Tunnel. This f a c i l i t y  i s  a blowdown tunnel with a s teady-state  t e s t i n g  time 
of about 1 t o  2 minutes. The operation o f  t h e  tunnel  and the  model support 
mechanism i s  e s s e n t i a l l y  automatic and da ta  a re  recorded on magnetic tape .  
The t e s t s  were made a t  a Mach number o f  10.6 and a t o t a l  temperature of 
2000° R .  Free-stream u n i t  Reynolds numbers of the  t e s t s  were O.4x1O6, l.Zx106, 
and 1 . 8 ~ 1 0 ~per  foo t  corresponding t o  tunnel  t o t a l  pressures of  400, 1200, and 
1800 ps ia ,  respect ively.  

Models and T e s t  Procedure 

The models were constructed with t h i n  s h e l l s  from high pur i ty  nickel  by 
an electroforming process. Their w a l l  thickness varied from about 0.10 inch 
at  the  nose t o  0.03 inch at the  base. The model w a s  a 15O-semiapex spherical ,  
b lunt  cone with a nominal nose radius  of 1.10 inches.  Inadvertently the  nose 
w a s  electroformed s l i g h t l y  obla te .  While t h e  oblateness w a s  not noticeable,  
accurate measurements with a comparator showed t h a t  t he  radius  of curvature at 
the s tagnat ion point  w a s  1.25 inches.  Variat ions of bluntness r a t i o ,  R/Q, 
were achieved by a t tach ing  appropriate t i p s  t o  an a l t e rna te  model. Test 
bluntness r a t i o s  were 0, 0.0625, 0.167, and 0.183 corresponding t o  nose r a d i i  
of 0, 0.375, 1.000, and 1.100 inches, respect ively.  The two extremes of t h i s  
range of bluntness are displayed by the  model configurations i n  f igure  1. 
Here, t he  models a re  shown s t ing  supported i n  the  tunnel  and mounted on the  
side-wall  quick-inser t  device. The models were instrumented with three  rows 
of chromel-alumel thermocouples a t  c i rcumferent ia l  angles cp of Oo, goo, and 
180O. Thermocouple pos i t ions  and dimensional d e t a i l s  of the  models a re  given 
i n  f igu re  2. Thermocouple pos i t ions  f o r  R/q ,  = 0.167 a r e  i r re levant  and a re  
not given s ince t h i s  bluntness w a s  used exclusively f o r  surface-flow t e s t s .  
Tests a t  various cp were made by d i sc re t e  ro t a t ion  of t he  models. 

The procedure f o r  heat- t ransfer  t e s t s  consis ted in :  (1)es tab l i sh ing  
s teady-state  flow i n  the  tunnel;  (2)  s t a r t i n g  the  thermocouple recording 
equipment; and (3) quickly in se r t ing  the  model i n to  the  flow a t  the desired 
angle of a t tack .  P r io r  t o  in se r t ion ,  the  model had an isothermal wal l  tem­
perature  of about 530° R .  In se r t ion  t i m e  was about 0.2 second and the  r a t i o  
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of w a l l  t o  t o t a l  temperature Tw/To f o r  the  i n i t i a l  p a r t  of t he  temperature-
t i m e  t r ans i en t  w a s  about 0.27. A similar procedure w a s  used f o r  surface-flow 
measurements. However, p r i o r  t o  inser t ion ,  t he  model w a s  wrapped with a sheet 
of paper and coated with a mixture of t i tanium oxide and o i l .  The paper w a s  
clamped a t  the  fore  end by t i p s  t h a t  feather-edged t o  the  wrapped surface and 
a t  the  base by a clamping r ing .  The models were in se r t ed  i n t o  the  f l o w  f o r  
about 3 seconds, which w a s  su f f i c i en t  t o  e s t ab l i sh  s teady-state  flow pa t te rns .  
After  r e t r ac t ion ,  the  paper w a s  unwrapped and attached t o  a plane surface t o  
give developed pa t t e rns  of t he  f l o w .  

Heat -Transfer Data Reduction 

The hea t - t ransfer  rates were evaluated by equation (1). 

Slopes of the  measured temperature versus time curves dTw/dt were calculated 
f o r  each thermocouple by a machine -computed f in i t e -d i f f e rence  technique. 
Accuracy of hea t - t ransfer - ra te  measurements w a s  assessed from the  r epea tab i l i t y  
o f  the  stagnation-point heating r a t e  of the  b luntes t  model. Several  repeated 
measurements of t h i s  heating r a t e  agreed with each o ther  and with theory 
( r e f .  8) wlthin about 55  percent.  For CL = 0' r epea tab i l i t y  on the  conical  
surface w a s  within about +6 percent f o r  t he  three  conical  rays at cp = Oo, 90°, 
and 180~.Since accuracy i s  r e l a t ed  t o  the  l e v e l  of the  heating rate, it i s  
believed t h a t  t he  accuracy of t he  lowest r a t e s  presented i s  about +20 percent.  

RESULTS AND DISCUSSION 

Experiment a1 He a t  ing -Rat e D istr i b u t  i o  n s 

Measured heating r a t e s  f o r  bluntness r a t i o s  R/? of 0, 0.0625, and 
0.183 a re  presented i n  tables I, 11, and 111, respect ively.  The r a t e s  have 
been normalized by the  t h e o r e t i c a l  stagnation-point heating r a t e  of t h e  
b lun te s t  model f o r  each Reynolds number and are tabula ted  as functions of 
the  sharp-cone a x i a l  coordinate xs/L. Theory of reference 8 w a s  used t o  
estimate & and t h e  estimate w a s  based on the  measured radius  of curvature 
fi = 1.25 inches.  Dis t r ibu t ions  of q/& f o r  Re: = 1.a<106per  foot  are  pre­
sented i n  graphical  form i n  f igu re  3 t o  i l l u s t r a t e  t he  e f f e c t s  of varying cp 
when the  model i s  at  angle of a t tack .  To demonstrate the  more s ign i f i can t  
e f f e c t s  of angle of a t t ack  and bluntness,  r e s u l t s  f o r  the  leeward and windward 
raqs ( c p  = 0' and 180°, respect ively)  are p lo t t ed  logari thmical ly  i n  f igu re  .4. 

Before considering e f f e c t s  of angle of a t tack ,  it i s  worth inves t iga t ing  
the  extent  t o  which the  d i s t r ibu t ions  are laminar f o r  a = 0'. For this case, 
laminar f l a t - p l a t e  theory predic t s  t h a t  on a logarithmic sca le  the  sharp-cone 
d i s t r ibu t ions  should conform t o  a s t r a i g h t  l i n e  with slope of -0.5.  Figure 4 
shows t h a t  f o r  R/q ,  = 0, experiment agrees w e l l  with t h i s  pred ic t ion  except 
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over t h e  a f t e r p a r t  of t he  model a t  t he  g r e a t e r  Reynolds numbers where 
t r a n s i t i o n  of t h e  boundary l aye r  i s  indicated by increased heating r a t e s .  
There i s  a l s o  good agreement between experiment and f l a t - p l a t e  theory for 
sma l lb lun tness ,  R/Q = 0.0625, except when t r a n s i t i o n  occurs near t he  model 
base a t  t h e  g rea t e r  Reynolds numbers. Since it i s  apparent from f igu re  4 t h a t  
f o r  R/Q = 0.183 t h e  degree of bluntness i s  s u f f i c i e n t  t o  preclude reasonable 
comparison with f l a t - p l a t e  theory,  d i s t r i b u t i o n s  f o r  t h i s  bluntness a r e  com­
pared with the  more applicable pred ic t ions  of reference 3. The generally good 
agreement with t h i s  theory shown i n  f igu re  4 i nd ica t e s  t h a t  t h e  flow was l a m i ­
nar f o r  t he  Reynolds number range of t he  t e s t s .  Furthermore, f i gu re  4 shows 
t h a t  f o r  a = 0' heating rates decreased s l i g h t l y  with increasing bluntness 
when the  boundary layer  was laminar. It i s  concluded t h a t  f o r  a = Oo, t he  
onset of t r a n s i t i o n  w a s  delayed by e i t h e r  decreasing Reynolds number o r  
increasing b lun t  ness . 

Windward- heatLng-rate d i s t r i b u t i o n s . - The ana lys i s  of windward 
s tagnat ion- l ine  hea t ing- ra te  d i s t r i b u t i o n s  given i n  reference 9 ind ica t e s  t h a t  
if the  flow i s  laminar ,  these  d i s t r i b u t i o n s  should be s t r a i g h t  l i n e s  with a 
slope of -0.5, similar t o  those f o r  a, = 0'. Figure 4 shows agreement of 
experiment with t h i s  pred ic t ion  f o r  R / q  = 0 and 0.0625 a t  0 2 a 5 20' except 
near t h e  base a t  s m a l l  a, where t r a n s i t i o n  occurs.  On t h e  o the r  hand, t he  
d i s t r i b u t i o n s  f o r  R/r,, = 0.183 a re  not s t r a i g h t  l i n e s  but  i n  some cases 
develop minima and maxima. Reasons f o r  these  i r r e g u l a r i t i e s  i n  the  d i s t r i b u ­
t i o n s  a re  not c l e a r ,  bu t  it appears doubtful t h a t  t r a n s i t i o n  i s  a f a c t o r  since 
increasing a delayed the  onset of t r a n s i t i o n  f o r  l e s s e r  bluntness.  Figure 4 
ind ica tes  t h a t  t h e  pos i t i on  of minima and maxima are r e l a t e d  i n  a general  way 
t o  the  l o c i  of min imum and maximum pressure (from r e f .  10) shown superimposed 
on t h e  heating-rate d l s t r i b u t i o n s .  The windward r e s u l t s  i nd ica t e  t h a t  f o r  
s p e c i f i c  angles of a t t a c k  and values of xs/L, q/& increased s l i g h t l y  with 
increasing Reynolds number. Reasons f o r  t h i s  increase a re  not c l e a r .  

Leeward heating-rate d i s t r i b u t i o n s . - It i s  apparent from the  leeward 
d i s t r i b u t i o n s  on f igu re  4 t h a t - increasing a, promoted the  development of 
t r a n s i t i o n a l  and turbulen t  flows. Since t r a n s i t i o n  i s  of general  i n t e r e s t ,  it 
i s  worthwhile t o  show the  e f f e c t s  of a, more c l ea r ly .  Therefore, estimates 
of t r a n s i t i o n  Reynolds number with u n i t  Reynolds number r a t i o  and l o c a l  Mach 

number are shown i n  f igu re  5. The 
loca t ion  of t r a n s i t i o n  w a s  estimated 
from t h e  heating-rate d i s t r i b u t i o n s  
as ind ica ted  i n  sketch ( a ) .  Results 
f o r  R/Q = o ( f i g .  5 (a ) )  were e s t i ­
mated f o r  flow conditions a t  t he  

dq0 edge of thickened leeward boundary 
l aye r s  us ing  shock angles given i n  
reference 11 and assuming i sen t ropic  
compression from t h e  shock t o  the  
boundary-layer edge. These e s t i -

XT/L---l J mates a r e  s l i g h t l y  g rea t e r  than pre­
-. liminary r e s u l t s  given i n  reference 7 

xs/L because of refinements i n  t h e  pres­
e n t  ana lys i s .  Since bluntness 

Sketch (a ) .  r a t i o s  are r a t h e r  s m a l l ,  sharp-cone 
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u n i t  Reynolds number r a t i o  w a s  used t o  estimate ReT f o r  R/q ,  > 0 ( f i g .  5 ( b ) )  
so as t o  avoid u n r e a l i s t i c a l l y  low estimates of ReT. Values of Re*/Re% f o r  
sharp and b lun t  cones shown i n  f igu re  5(b) i l l u s t r a t e  t h i s  e f f e c t .  However, 
estimates of l o c a l  Mach number f o r  t h e  b lun t  cones a r e  based on i s en t rop ic  
expansion of t h e  flow from t h e  s tagnat ion  poin t  t o  t h e  sharp-cone pressure.  

Figure 5 shows t h a t  t r a n s i t i o n  Reynolds number f o r  t h e  l e e  s ide  decreased 
with increasing angle of a t t a c k  i n  agreement with reference 12. Also, as has 
been observed i n  references 1.3 and 14,  t r a n s i t i o n  Reynolds number increased 
with increasing free-stream u n i t  Reynolds number. While, i n  general, increas­
ing  bluntness increased t h e  t r a n s i t i o n  Reynolds number, a r e v e r s a l  i n  t h i s  
t rend  i s  ind ica ted  a t  t h e  higher angles of a t t a c k  as bluntness increased from 
o t o  0.0625. 

Comparison of Experiment With Theory 

Before experimental heating r a t e s  a re  compared with theory f o r  a > Oo, 
it i s  appropriate t o  make comparisons a t  a = 0' since,  f o r  axisymmetric flows, 
laminar t heo r i e s  f o r  bo th  sharp and b lun t  cones a r e  we l l  es tab l i shed .  

HeatLng-rate comparisons f o r  a = Oo .- Measured heating r a t e s  normalized 
by a r e  compared with t h e o r e t i c a l  p red ic t ions  i n  f i g u r e  6.  Comparisons 
a r e  made with measurements a t  Re2 = 1.2X106 per  foo t  as representa t ive  of t he  
t e s t  Reynolds number range. Theore t ica l  sharp-cone heating r a t e s  shown i n  
f igu re  6(a) have been estimated by applying Mangler's transformation f a c t o r ,\n, t o  two d i f f e r e n t  f l a t - p l a t e  t heo r i e s :  reference enthalpy theory of r e f ­
erence 1, and more exact so lu t ions  of t he  boundary l a y e r  given i n  reference 2. 
Surface-flow p rope r t i e s  used i n  t h e  pred ic t ions  were obtained from an inv isc id  
so lu t ion  of conica l  flow by the  method of c h a r a c t e r i s t i c s .  Figure 6(a) shows 
t h a t  both theo r i e s  agree wel l  with experiment over t h e  forward ha l f  of t he  
cone length where t h e  flow w a s  laminar. Differences shown between theo r i e s  
a r e  about t he  same as the  s m a l l  s c a t t e r  i n  t h e  data,  and it i s  apparent t h a t  
e i t h e r  theory i s  adequate for estimating sharp-cone heating r a t e s .  

Comparisons of blunt-cone theory with experiment a r e  shown i n  f igu res  6(b) 
and 6(c)  f o r  bluntness r a t i o s  of 0.0625 and 0.183, respec t ive ly .  S imi l a r i t y  
theory from reference 4, as expressed by equations (2) t o  ( 5 ) ,  was used t o  
p red ic t  t h e  d i s t r i b u t i o n s  shown. 

where 



and 

Pressures,  v e l o c i t i e s ,  and ve loc i ty  grad ien ts  used i n  t h e  t h e o r e t i c a l  estimates 
are from a combined blunt-body and method of c h a r a c t e r i s t i c s  so lu t ion  of t he  
inv i sc id  flow from t h e  program of reference 15. Pressure d i s t r i b u t i o n s  
obtained by t h i s  method a r e  shown i n  references 7 and 10.t o  agree w e l l  with 
experiment f o r  present t e s t  conditions.  Theory has been applied i n  two d i f ­
f e r e n t  ways: (1)by estimating boundary-layer-edge conditions,  assuming i s en ­
t r o p i c  expansion of t he  flow from t h e  s tagnat ion  poin t ;  and (2) by estimating 
U e / h  assuming var iab le  entronv a t  t h e  boundary-layer edge. For t h e  l a t t e r  
case t h e  l o c a l  entropy a t  t he  edge w a s  evaluated by matching the  mass flow i n  
the  boundary l aye r  with the  flow passing through the  curved shock wave. The 
shock shape w a s  obtained from t h e  aforementioned so lu t ion  of t h e  inv i sc id  flow. 
While t h i s  procedure i s  an approximation t o  t h e  more formidable problem of 
solving f o r  boundary- and entropy-layer i n t e r a c t i o n s ,  it does y i e l d  a r e a l i s ­
t i c  estimate of t h e  e f f e c t s  of entropy gradien ts .  

Figure 6(c)  shows t h a t  f o r  R / q  = 0.183 t h e  e f f e c t s  of entropy gradien ts  
were small, and theory and experiment agree c lose ly .  Figure 6 ( b ) ,  on the  
o the r  hand, i nd ica t e s  t h a t  f o r  R/Q = 0.0625 including e f f e c t s  of entropy 
gradien ts  increased the  estimated heating r a t e s  about 10 t o  15 percent.  For 
t h i s  b luntness ,  experiment agreed be t t r e r  with theory over t h e  forward p a r t  of 
t he  model when e f f e c t s  of entropy gradien ts  were ignored. While t h i s  w a s  not 
t h e  case over t he  a f t e r p a r t  of t he  model, t h e  experimental r e s u l t s  here may 
have been influenced by inc ip i en t  t r a n s i t i o n .  It i s  apparent, t he re fo re ,  t h a t  
f o r  a = Oo, c lea rcu t  ind ica t ions  of s i g n i f i c a n t  entropy-gradient e f f e c t s  a r e  
not observed experimentally. At ten t ion  i s  d i r ec t ed  now t o  some simple 
co r re l a t ions  of heating r a t e s .  

Sharp-cone co r re l a t ion  f o r  a > Oo.- I n  l i e u  of an appropriate sharp-cone 
theory f o r  comparison a t  a > Oo, a c o r r e l a t i o n  of c i rcumferent ia l  sharp-cone 
heating r a t e s  i s  presented. Figure 7 shows t h i s  hea t ing- ra te  co r re l a t ion  with 
pressure a f t e r  being normalized by windward s tagnat ion- l ine  values f o r  t h e  
same a x i a l  pos i t i on  xs/L. Figure 7(a)  c o r r e l a t e s  heating r a t e s  with pres ­
sures  estimated by t h e  tangent-cone approximation; t he  co r re l a t ion  i n  f i g ­
ure  7 ( b )  i s  similar but  t he  pressures a r e  measured and t h e  range of a i s  
more l imi ted .  Symbols denote values of t h e  coordinates f o r  constant cp a t  
xs/L = 0.47, and v e r t i c a l  and hor izonta l  ba r s  designate the  va r i a t ions  of 
heating r a t e s  and pressures ,  respec t ive ly ,  f o r  0.18 S xs/L 5 0.90. Results 
are shown f o r  30’ 5 cp < 180° only since heating r a t e s  f o r  cp = 0

0 do not cor­
r e l a t e  well .  From f igu re  7(a)  it can be seen t h a t  with tangent-cone pressures,  
sharp-cone heating r a t e s  were f a i r l y  wel l  co r re l a t ed  by t h e  r e l a t i o n  



I 


m 
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- =9,2 (e) 
with m = 0.667. While the  cor re la t fon  i s  not as good if measured pressures 
a r e  used ( f i g .  7 ( b ) ) ,  it i s ,  nevertheless,  f a i r  f o r  a wide range of conditions. 
It appears t h a t  b e t t e r  co r re l a t ion  with tangent -cone pressures may be f o r t u i  ­
tous owing t o  t h e  lower pressures pred ic ted  as t h e  l e e  s ide  i s  approached. 
However, s ince  s tagnat ion- l ine  heating r a t e s  can be estimated approximately by 
swept -cylinder theory ( see  ref. 16, f o r  example) and tangent -cone pressures 
a r e  r ead i ly  evaluated, t h e  c o r r e l a t i o n  of f igu re  7 may prove u s e f u l  f o r  
s impl i f ied  estimates of heating rates. 

A s  a simpler a l t e r n a t e  t o  t h e  method of reference 16, s tagnat ion- l ine  
heating r a t e s  can be estimated by equation (7) .  

This approximation i s  based on simple sweep concepts and equations f o r  t he  
stagnation-point heating r a t e s  of two-dimensional and axisymmetric bodies.  I n  
equation (7) t h e  windward s tagnat ion- l ine  heating r a t e  i s  normalized by 
the  stagnation-point heating r a t e  of an axisymmetric body

qs
of nose rad ius- R;  

r i s  the  l o c a l  radius of t h e  cone normal t o  the  cone a x i s .  The angle wsz 
represents  an empirical  cor rec t ion  t o  the  angle between t h e  s tagnat ion  l i n e  
and the  f r e e  stream t o  account f o r  d i f fe rences  from sweep theory t h a t  accrue 
when a i s  not large.  A s  shown i n  f igu re  8 ,  equation (7) gives a good e s t i ­
mate of s tagnat ion- l ine  heating r a t e s  f o r  present t e s t  r e s u l t s  when- = a + 6 - 5’. 

Blunt-gone co r re l a t ion  f o r  a > 0’. - Since heating r a t e s  were measured f o r  
various bluntness r a t i o s  and <est conditions,  t he  experimental r e s u l t s  can be 
used t o  t e s t  whether t he re  i s  boundary-layer s i m i l a r i t y  for cones of d i f f e r e n t  
bluntness a t  angle of a t t ack .  For present t e s t  conditions,  boundary-layer 
s i m i l a r i t y  i s  implied by the  heating-rate d i s t r i b u t i o n  predic ted  by 
equation (8) (see r e f s .  3 and 17).  
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Sketch (b) i l l u s t r a t e s  pe r t inen t  geometrical aspec ts  of  equation (8) when 
applied t o  sphe r i ca l ly  blunted cones. It is  evident from the  dimensionless 

S Streamline 
,-, 

Adjacent streamline 

-.. 

Sketch ( b ) .  

form of equation (8) and from sketch (b)  t h a t  f o r  geometrically similar flows, 
t he  predicted d i s t r i b u t i o n s  of q/q, as func t ions  of x/R f o r  constant cp 
a r e  i d e n t i c a l .  Figure 9 shows a tes t  of s i m i l a r i t y  by a co r re l a t ion  of pres ­
e n t  experimental r e s u l t s  f o r  a = 20' using q/q, and x/R as coordinates.  
Results shown a r e  from t a b l e s  I1 and I11 and a r e  supplemented by l imi ted  unpub­
l i shed  hea t ing- ra te  d i s t r i b u t i o n s  f o r  a bluntness r a t i o  of 0.35. I n  general ,  
good co r re l a t ion  of heating r a t e s  i s  shown i n  f igu re  9 f o r  various t e s t  condi­
t i o n s .  Differences i n  the  d i s t r i b u t i o n s  f o r  cp = 0' behind t h e  t r a n s i t i o n  
poin t  are, of course, i r r e l e v a n t .  The g r e a t e s t  departures from s i m i l a r i t y  a r e  
indicated f o r  R/rb  = 0.183 and Cp = 180° over t h e  a f t e r p a r t  of t h e  model. 
Since the  entropy l aye r  here i s  very t h i n  (as demonstrated by p i to t -pressure  
t r ave r ses  of ref. ll), differences shown a r e  a t t r i b u t e d  t o  e f f e c t s  of model 
s ca l e  on boundary-layer and entropy-layer i n t e r a c t i o n s  f o r  which equation (8) 
does not account. I n  view of t h e  a p p l i c a b i l i t y  of  s i m i l a r i t y  p r inc ip l e s  
demonstrated by f i g u r e  9, measurements w i l l  now be compared with s i m i l a r i t y  
theory f o r  5' 5 a I; 20'. 

Heating-rate comparisons f o r  a > Oo. - Heating r a t e s  f o r  b lunt  cones a r e  
inherent ly  more d i f f i c u l t  t o  p red ic t  f c r  a > 0' than f o r  a = Oo because the  
geometry of streamlines a t  t he  boundary-layer edge must be known. The stream­
l i n e  geometry f o r  i nv i sc id  flow can be determined by t h e  accurate th ree -
dimensional method of c h a r a c t e r i s t i c s  as appl ied ,  f o r  example, i n  reference 6. 
However, t h i s  method e n t a i l s  s i g n i f i c a n t  computing e f f o r t ,  and computational 
d i f f i c u l t i e s  may a r i s e  f o r  la rge  a. A s  a simple a l t e r n a t i v e ,  t h e  Newtonian 
method i n  reference 5 has been se lec ted  f o r  estimating streamline geometry. 
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The s u i t a b i l i t y  of t h i s  approach w i l l  be scrut inized subsequently when 
streamlines predicted by theory are compared with those from experiment. With 
the  streamline geometry known, heating r a t e s  were predicted by theory of r e f ­
erence 3. Deta i l s  of t he  procedure and equations used f o r  present heating-
r a t e  estimates a re  given i n  appendix A .  Assumptions were: (1) t h e  l o c a l  f l o w  
expands i s en t rop ica l ly  from the  s tagnat ion point ;  and (2) t he  crossf l o w  com­
ponent of veloci ty  i n  the  boundary layer  i s  small and can be neglected. 

Experimental blunt-cone heat ing r a t e s  normalized by 40 and shown a s  
f'unctions of x/R a r e  compared with theory i n  figure 10. Theory was applied 
with measured pressures given i n  reference 10 and with pressures  estimated 
from modifications t o  Newtonian theory given by equations ( A l l )  and ( A 1 2 ) .  I n  
general ,  theory and experiment a re  shown t o  agree w e l l  f o r  t he  angle-of-attack 
range of t h e  t e s t ,  5 O  S a S 20°. It i s  of i n t e r e s t  t o  observe t h a t  with 
measured pressures ,  t h e  agreement between theory and experiment i s ,  indeed, 
improved near t he  nose where the  e f f e c t s  of bluntness on pressures  a re  most 
important. On the  windward ray,  cp = 180°, the  differences shown between 
theory and experiment f o r  R / q  = 0.183 a t  large x/R a r e  a t t r i b u t e d  t o  afore­
mentioned boundary- and entropy-layer in te rac t ions .  

Surface s t reamlines . - A comparison of experimental surface streamlines,  
a s  indicated by o i l  s t reaks ,  with inv isc id  theory i s  shown i n  f igu re  11. Here 
the  surface o i l  s t reaks  have been unwrapped from the  cone surface SO t h a t  
quant i ta t ive  comparisons between experiment and theory can be made. It i s  
t a c i t l y  assumed t h a t . t h e  o i l  s t reaks  show the d i r ec t ion  o f  t he  l imi t ing  stream­
l i n e s  a t  t h e  surface.  Theoret ical  Newtonian streamlines f o r  t he  blunted cones, 
shown by s o l i d  curves, were predicted by equation (A4)  f o r  a r b i t r a r y  values of 
'pi while those f o r  t he  sharp cone were f a i r e d  from i soc l ines  computed by 
equation (B l3 )  f o r  a r b i t r a r y  values of '43. Comparisons a r e  a l s o  made i n  f i g ­
ure  l l ( c )  f o r  a = 10' and R/% = 0 and 0.167 with surface streamlines computed 
by the  inv isc id  three-dimensional cha rac t e r i s t i c s  procedure given i n  r e f e r ­
ence 6. Streamlines f o r  R/q ,  = 0.167 were forced t o  cross  those predicted 
by equation ( A 4 )  a t  x / r  = 15; t he  sharp cone, crossover point  was a t  t h e  base, 
xs/L = 1. While the  o i l  s t reaks  c l e a r l y  indicate  streamlines on the  windward 
surface,  d e t a i l s  of t h e  flow on the  l e e  s ide a re  lacking. Apparently, shear­
ing  s t r e s ses  were so small on the  l ee  s ide ,  where the  pressures were lower, 
t h a t  s t reaks  did not form. Therefore, it i s  believed t h a t  termination of 
s t reaks  on the  lee s ide  i s  not from flow separation and t h i s  i s  corroborated 
by the  heat ing-rate  measurements. However, for R/Q = 0.0625, f igu res  l l ( d )  
and l l ( e )  do show some f l o w  d e t a i l s  f o r  cp - Oo t h a t  apparently resu l ted  
from turbulence.  

From f igu re  l l ( c )  it can be seen t h a t  inv isc id  streamlines predicted by 
Newtonian theory agree wel l  with t h e  cha rac t e r i s t i c  so lu t ion  f o r  t he  sharp 
cone but  underpredict t he  crossflow angle,  $, f o r  t he  blunt  cone. It i s  
c l ea r  from the  blunt-cone comparison t h a t  t he  estimates of heating r a t e s ,  
using equation (A4) f o r  streamline geometry, were made along somewhat shor te r  
paths than would have been the  case had cha rac t e r i s t i c s  theory been used. 
This appl ies  mainly f o r  cpi near goo, however, and not f o r  streamlines nearer 
t he  stagnation l i n e  where streamlines are f a i r l y  wel l  predicted.  Also, i n  view 

11 




of t h e  c lose  pred ic t ions  shown f o r  t h e  sharp cone, it appears t h a t  estimates 
of streamline geometry using equation (Ab) would improve as bluntness i s  
decreased. 

It i s  of i n t e r e s t  t o  observe from t h e  experimental o i l  s t r eaks  the  
progressively s teeper  crossflow angles,  $, t h a t  r e s u l t  from increas ing  b lun t ­
ness f o r  cp near goo and a > 0'. From t h e  c h a r a c t e r i s t i c  so lu t ions  shown i n  
f igu re  l l ( c )  it i s  apparent t h a t  because of bluntness,  i nv i sc id  streamlines 
a r e  inc l ined  a t  g rea t e r  $ than those f o r  t h e  sharp cone. Nevertheless, t h e  
angular d i f fe rence  between t h e  o i l  s t r eaks  and t h e  c h a r a c t e r i s t i c  streamlines 
i s  c l e a r l y  g r e a t e r  f o r  t he  b lun t  cone than f o r  t h e  sharp cone. A s  shown i n  
reference 6, d i f fe rences  between the  l imi t ing  surface streamlines,  as indicated 
by t h e  o i l  s t r eaks ,  and inv i sc id  c h a r a c t e r i s t i c  streamlines can be accounted 
f o r  by th ree  -dimensional boundary-layer theory of reference 17. 

CONCLUDING REMARKS 

Heating r a t e s  and surface streamlines from wind-tunnel t e s t s  of a 1-5' 
semiapex cone a t  a Mach number of 10.6 are presented. E f fec t s  of angle of 
a t t a c k  and nose bluntness on heating r a t e s  are demonstrated f o r  free-stream 
u n i t  Reynolds numbers of O.4x1O6, 1.2X106,and 1.8~10~per  f o o t .  While, i n  
general  t h e  heating rates conform t o  t h e  main aspec ts  of laminar  boundary-
l aye r  s i m i l a r i t y  theory,  d i f fe rences  a r e  noted a t  angle of a t t a c k  t h a t  appear 
t o  depend on model sca le .  

For a = Oo, increasing bluntness decreases the  laminar heating r a t e s  
and prevents t h e  onse t  of t r a n s i t i o n  over t h e  a f t e r p a r t  of t he  model. Increas­
ing  bluntness i s  e f f e c t i v e  a l s o  i n  preventing t r a n s i t i o n  and turbulen t  flow 
t h a t  occurs on the  l e e  s ide  of t h e  sharp cone with increasing angle of a t t ack .  
On t h e  windward s ide ,  t h e  f l a t - p l a t e  type d i s t r i b u t i o n s  of heating r a t e s  t h a t  
charac te r ize  laminar  boundary layers  a re  d i s t o r t e d  by increasing bluntness.  
For the  b lun te s t  model, t he  heating-rate d i s t r i b u t i o n s  develop minima and 
maxima t h a t  appear r e l a t e d  t o  t h e  pressure d i s t r i b u t i o n s .  

For CL = 00 , good agreement of heating r a t e s  with sharp- and blunt-cone 
theo r i e s  i s  shown. Comparisons f o r  CL > 0' demonstrate t he  general  s u i t a b i l i t y  
of s i m i l a r i t y  theory f o r  estimating heating r a t e s  on b lun t  cones. Although 
comparisons of surface-flow streamlines with inv i sc id  theory show t h a t  b lunt  ­
ness s i g n i f i c a n t l y  a f f e c t s  boundary-layer crossflow, the  e f f e c t s  of 
crossflow on heating r a t e s  appear small. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett F i e l d ,  C a l i f . ,  94035, June 11, 1969 
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APPENDIX A 


PROCEDURE FOR ESTIMATING BLUNT-CONE HEATING RATE FOR a > 0' 

Theoret ical  heat ing-rate  d i s t r i b u t i o n s  of t he  present  inves t iga t ion  f o r  
a > 0' were ca lcu la ted  by the  method given i n  reference 5.  Using Newtonian 
theory, reference 5 der ives  equations f o r  streamlines and sca le  f a c t o r s  of the  
axisymmetric analog t h a t  are required f o r  t h e  heat ing-rate  es t imates .  Since 
the  equations i n  reference 5 a r e  derived i n  general  form, the  purpose of t h i s  
appendix i s  t o  give the  s p e c i f i c  procedure used f o r  present  heat ing-rate  
es t imates .  The procedure and equations given apply only t o  spher ica l ly  
blunted cones. 

STREAMLINE GEOMETRY 

A s  shown i n  sketch ( c ) ,  streamlines on the  nose follow grea t  c i r c l e s  
beginning a t  the  s tagnat ion poin t  and crossing the  sphere-cone tangent point  

Xo Wind axis 

\ 

1 Sphere cone tangency 

Sketch (c )  . 
a t  an angle cpi. The l o c a l  rad ius  normal t o  the  wind a x i s  t o  an a rb i t r a ry  
point  on a streamline i s  given by 



where A = ( s / R ) .  
given by 

The body axis coordinate of  a poin t  on a streamline i s  

(1 - cos A ) 2  
-x =  . .  

K 1 - s i n  A (co t  A cos a. - s i n  a cos c p i )  

Values of A a t  t h e  sphere-cone tangent po in t  can be estimated from 

1/2 
s i n  Ai = cos 6 [(cos a cos 'pi + t a n  6 s i n  a)' + s in2  cpi] (A3 1 

For t he  conica l  surface,  streamlines and scale f a c t o r s  of  the  
axisymmetric analog ( r e f .  5) a r e  given by equations (A4) and (A5), 
re  spect ivel y  . 

s i n  6 cos 6 

- = 2 (sin cp ) pin2'pi + (cos 'pi cos a + t a n  6 s i n  a ) 2
h . .  . .  

R R s i n  'pi sin" cp + (cos cp cos a + t a n  6 s i n  al2 

The dis tance along a streamline i s  derived i n  appendix B and can be found by 
evaluat ing 

cos 6 + t a n  a s i n  6 cos cp] ')" dcp 
S 

The body a x i s  coordinate i s  given by 

14 


(A61 




- -  - -  

- 6:= (; - 1coss i n  6 ) c o t  6 (A71 

HEATING-RATE DISTRIBUTIONS 

I n  essence, heating r a t e s  were evaluated by equation (2)  with 
gh/gGo = 1 and with an assumed i sen t rop ic  expansion of t h e  local flow from 
t h e  stagnation poin t .  Over t h e  sphe r i ca l  nose, t h e  appropriate subs t i t u t ion  
i n  equation (2)  f o r  r /R  i s  ro /R and over t he  conica l  surface,  h/R. Sub­
s t i t u t i n g  (Al) and (A5) i n  equation (2) g&./G0 = 1 y i e l d s  respec t ive ly  f o r  
t h e  sphe r i ca l  nose, 0 < ( r / R )  S (1 - s i n  6) 

(1/2) F s i n  A 
-

s, 
G o ( A A  F sin2 A dh 

and f o r  the  conica l  sur face ,  (x/R) > (1 - s i n  b )  

s, 
a s i n  6 cos cp) I d {  

G{[: s in2  A dA +cos  6 
t a n  a s i n  cp 

where F i s  given by 

1/2 

(Y-1)/Y 


F = i[.-P O  (;) ]
and where, i n  t h e  denominator of t h e  r i g h t  s ide  of equation (A9), t h e  
in t eg ra t ion  along streamlines has been transformed by equation (B12) t o  an 



i n t eg ra t ion  over t h e  independent var iab le ,  cp. Pressures  used i n  

equation (A10) were obtained experimentally (see r e f .  10) and were a l s o  cal­ 

cula ted  from modifications t o  Newtonian theory.  For t h e  l a t t e r  case, 

pressures  over t h e  nose were estimated by 


cos2 A + -2 
_ -- cPO Wn2P-
PO c + - 2 

2 
YM, 

and over t he  conica l  surface by 

s in2 w 2 
p ‘pSL s in2  (a+ 6) + -y G 2  

- z  -

PO 2 
cpo + yM,2 

where 

s i n  o = s i n  6 cos a - cos 6 s i n  a cos cp b 1 3 )  

The stagnation-point pressure coef f ic ien t ,  Cpo, w a s  computed from the  normal 
shock r e l a t i o n  f o r  a i r  while w a s  estimated by tangent-cone theory.

cPS 2 
Stagnation-point ve loc i ty  gradient  w a s  evaluated from a blunt-body so lu t ion  of 
t he  flow by the  inverse method of reference 15 .  
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APPENDIX B 


DERIVATION OF STREAMLINE L;ENGTH AND CROSSFLOW ANGLE 

Equations a r e  derived f o r  t h e  length of streamlines and the  angle of 
streamlines t o  cone elements for Newtonian flow over sphe r i ca l ly  blunted 
cones. 

STREAMLLNE UNGTH 

The genera l  expression f o r  a r c  length of a curve i n  rectangular 
coordinates i s  

Since streamlines l i e  on the  con ica l  sur face ,  it i s  expedient t o  transform 
equation (Bl) t o  c y l i n d r i c a l  coordinates as follows : 

x = r cot  6 

y = r s i n  cp 

z = r cos cp 

For constant 6 ,  

dz dz d r  - r s i n  cp 9+ cosdx d r  dx d r  

dy dy d r  
r cos ~ K Q+ s i n  cpd x - d r d x  d r  

From t h e  s u b s t i t u t i o n  of equations (B5) and (�36)i n  (Bl), it follows that on 
t h e  conica l  surface 



R - -  

By d i f f e r e n t i a t i o n  of equation (Ab) it can be shown t h a t  

tan2 a sin2 cp 
2r2(%7 = 

( s i n  6 cos 8 + t a n  a s in2  6 cos c p )  

and 

s i n  6 cos 6 + t a n  a s in2  6 cos cp 
dr = -r 

t a n  a s i n  cp 

Subs t i t u t ing  (B8) and (B9) i n  (B7) gives f o r  t h e  streamline length including 
the  nose 

S - hi + I i  [.+ (cos 6 + t a n  a s i n  8 cos 

t a n  a s i n  cp 

where r / R  i s  given by equation (Ah)  as a func t ion  of  cp .  

CROSSFLOW ANGLE 

F r o m  sketch (d)  it can be seen t h a t  

D i f f e ren t i a t ing  equation (B10) gives 

6 + t a n  a s i n  6 cos cp 

dcp t a n  a s i n  cp 

18 




Sketch (d) 

Subs t i tu t ing  equation (B12) i n  equation (B11) y ie lds  

s i n  4f  = 
1 

cos 6 c t a n  a s i n  6 cos cp 

t a n  a s i n  cp 

Since ( B l 3 )  i s  independent of t he  nose radius ,  i t  i s  evident t h a t  it appl ies  
t o  sharp cones as w e l l  as b lun t .  
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TABLE I.- VALUES OF q/$ FOR R / r b  = 0 

( a )  R e g  = 0.4X106 per foo t ,  ;i,= 11.2 Btu/sq f t  see 

I, a = 0' 
I 

XS/L 

0.207 10.250 10.293 10.380 10.466 10.552 0.638 0.724 10.811 10.8% 
0 0.112 I0.0868(0.08~6~0.074710.068710.06510.0625 0.06181 0 .05~5~0.051:  

o .0596 .0510 
90 .io3 .0962 

180 .159 .145 

o .0312 .0232 
90 .oggg .0946 

180 .204 .185 

o .0181 .0136 
90 .lo1 .0951 

180 .255 ,232 

0 .0160 .0133 
90 . O R ~.0904 

180 ,290 .264 

(b) Re; 

.0476 .0383 .0375 .0341 .0298 .0281 .0281 

. ~ g i g  .0851 .Q24  .O664 -0570 

.l32 .121 .io8 .0945 .0877 q 9 2  

.0152 .0125 . o i q  .0089 .oqi .oqi .0085 

.0892 .0821 . q o 5  .0634 ,0544 .0482 

.l70 .154 .139 .121 .111 .lo1 
~ * 0937 

.0091 .0109 .oog4 .0089 .0136 .0136 ,0091 

.0888 .0816 .0661 . 0 6 q  --- 1 .0524 -0453 

.210 ,190 .172 .150 .138 .1q - 127 
,0088 .0142 .0168 .0129 .0088 .0088 .0178 
.0833 .0762 .0621 .0563 .0501 .0488 
.238 .216 .I86 .i68 .152 .i37 -133 

~~ 

= 1.2X106 per foot, = 19.0 Btu/sq f t  sec 

a = OO 

0.207 10.250 10.293 10.380 10.466 10.552 0.638 0.724 0.811 10.8% 

0 0.124 10.110 10.108 ]o.ioo 10.081110.0832 0.0826 0.0848 0.088710.096: 

0 .0641 .0561 -0507 .Ob81 .0454 .0547 .0668 .0817 .0950 .107 
15 .0698 .0620 .0568 .0517 .0465 .0408 .0522 .0661 .0762 .0891 
30 .0808 -0707 .0656 .0596 .0505 .0#6 .0520 .0556 .0606 .068; 
45 .0865 -0778 . q 4 6  .0649 .0541 .0492 .0540 .0568 .0622 .0651 
60 -0999 .0917 .0872 . q 6 5  .0612 .0580 .0558 .0586 .0586 .061; 
75 .116 .lo2 .0980 .0870 . q 3 3  .0594 .0615 .0678 .0678 .q o e  
90 .116 - 1-07 . io4 .0982 .0789 -0774 -0747 -0747 
105 .143 .138 .119 .115 .lo0 .0940 .0910 .0885 ,0854 .0925 
l20 * 1-53 .147 .130 .120 .lo9 .0999 .OR78 .0923 .089 -0943 
135 .162 .148 .136 .121 .iio . io2 .0963 .0930 ,0891 .092c 
1-50 .179 .163 .147 ,135 .I21 .111 ,104 ,0960 .101 
1.65 - 1-77 .161 -145 .133 ,119 . io9 .io3 ,100 .103 
180 .178 .162 - 157 .134 . ~ 6  -112 . lo4 .0986 107 
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--- 
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TABLE I.- VALUES OF q/Q FOR R/rb = 0 

(b) Re: = 1.2~10"per  f o o t ,  % = 19.0 Btu/sq f t  sec - Concluded 

a = loo 
X /L 

1.207 o ,250 ) e293 ).380 ).466 1.552 I .  638 1.724 .8% .897 

3.0255 o .0226 ) .0170 ) .0142 .0186 I .  0226 1.0315 1.0385 ).0476 1.0510 
.03 40 - 0 3 5  .0225 .0225 .021c .0215 -0195 .0225 .o25o .0250 
.0483 .0457 .0411 .0356 .03 IC . o q c  -0260 ,0264 .0290 .0254 
.0644 -0537 .0'483 .0429 .038( .0346 ,0332 -0327 -0349 . 0 3 3  
.0782 .0688 .0652 -0579 .0455 .050c .0446 .0433 -0433 .0428 
0994 -0917 .0862 .Q14 .059E .0505 .0486 .0568 .o510 .0m4 

.124 . n o  .io8 .loo .OB33 .0792 .067 9 .0623 
-155 .143 .124 .118 .lo4 .0958 .0928 .087 2 .0815 ,0815 
.186 .169 .142 ,138 .124 .113 . n o  . lo2 .0980 .0944 
.206 .187 .la - 1.53 - 1-37 .125 .119 .111 . io5 .103 
.226 .201 .184 .169 -155 1-33 .124 .117 .117 
.235 .214 1.93 . l74 .158 .136 .128 ,121 .116 
.249 .226 .204 .186 .170 .147 .136 .130 * 1q__ 

a = 15O 
0 .0154 ,0102 .0102 .0102 .0159 .0182 . O l O t  .0118 -0118 -0133 

1.5 .0203 -0179 -0153 .01q .0092 .0082 .0061 .005 1 .0040 ,0061 
30 .0306 .02q  .0232 ,0207 . o q 9  .0150 .0145 .0128 -0153 .Ol@ 
45 -0457 -0355 * 0330 .0294 .0203 .0205 . o q  .0244 .0203 .0203 
60 .0641 . 0 5 ~-0532 .0468 .0404 .0311 .0qt -0330 .0301 -0306 
75 .0788 .0695 .0666 .0598 .0431 .0390 .037 .Ob01 .Ob01 -0367 
90 .117 . io5 0999 .0922 -0779 * q 1 7  -0620 .0563 
105 .155 .138 ,122 .116 . lo4 .0960 .o921 .08 42 .Q84 ,0784 
120 .214 .191 .172 * 1-59 .143 .13L -126 .118 .io8 .109 
135 - 237 .216 .190 .176 .157 .138 .128 .119 .122 
1.50 -30 .245 .216 * 199 .179 .I57 .147 .138 .136 
1.65 .296 .265 .234 .213 .194 -170 .158 .151 .147 
180 * 299 *272 .241 .221 .ly( . l74 .16k .149 .146 

0 .0213 .0186 .0186 .0186 .0244 .0236 .0287 -0287 .056 
15 .0130 .0104 .0104 .0063 .0083 . o q 6  .0042 .0042 .0052 
30 .0200 -0175 .0150 .0100 .0080 .0060 .0050 .0030 .0050 
45 * 030-7 .0212 .0212 .0186 .0166 .0110 .013 1 .0131 .0100 
60 -0479 ,0444 .0404 -032% . o q 2  .or96 0237 * 0237 .0202 
75 -079 .0698 .0659 .057 4 .Oh36 .0325 .037 6 .0347 .03 47 
90 .114 .lo1 .0%1 .088I. .oao .0600 00557 

105 177 159 .132 .130 .117 .io3 .093 1 .0861 .0842 
120 .220 .200 .174 .165 .lL48 .132 .120 .113 .116 
135 -275 .250 * 220 .204 -187 .162 .151 .142 .141 
1-50 .319 .286 .255 -233 .215 .188 .175 .165 .163 
165 .346 -323 .281 .255 .234 .203 - 1-93 .182 .179 
180 .344 .326 .282 ,260 .234 ,202 ,188 ,175 -1.73 I 
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TABLE I.- VALUFS OF q/& FOR R/Q = 0 - Concluded 

( e )  Re: = 1.8~10~per foot ,  & = 22.9 Btu/sq f t  see 

1 a = OO 

xs /L 
5.466 10.552 10.638 

10.088810.0920l0.0980 


0I a = 5  
0 .0624 .0559 .0516 .Ob73 .0594 .0794 
90 .122 .112 .110 .lo0 .0742 .0860 
180 ,185 .169 .I57 .143 .1q 


o .0278 -0244 .0222 ,0171 .0205 .03i3 .0405 -0556 

90 .122 .113 .111 .lo3 .0786 .0829 .Q861

180 .244 .22O .2O3 .184 .167 .145 .137 


o .0213 ,0197 .0164 ,0135 .oi84 .0205 

90 .121 .1U .lq .O964 .0780 

180 .314 .285 .254 .228 .206 .180 .170 


o .0338 -0296 .0253 ,0295 .(I279 -0278 .0296 

90 .116 .io3 .loo .0912 .0658 .0743 .0692 
180 .358 .325 .29i ,264 .236 ,207

- .194 
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.138 


.0946 


.129 


.0628 .0641 
,0718 50727
.128 .128 

.0205 .0205 
0657 -0595 
.160 .160 

.0296 a0253 


.0608 -0549 


.186 .182 




--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

TABLE 11.- VALUES OF q/G FOR R / r b  = 0-0625 
(a) Re: = O.4X1O6 per  foot ,  = 11.2 Btu/sq f t  sec 

1 a = 00 

0.207 10.250 (0.293(0.380(0.46610.552 10.638 

0.0998Io,0918Io .c;897 I Ioq 3 810.0656Io .0630 

I 
(b) Re: = 1.a<106per  foot, i&, = 19.0 Btu/sq f t  sec 

a = O  0 

" deg(o.20710.250 10.293 (0.38010.466 10.552 ).63810.724 0.811 0.89 
o 10.116 10.105 10.105 10.09710.08441o.qi2 ).Oj'1210.07580.0737 0.0763 


~ 

0 .0508 .0417 .0356 .0254 .0203 .0142 .0183 -0183 .oi42 .0203 

15 .ob83 .0411 .Ob11 .0314 .0257 .0234 .0203 .0249 .02@ .0257 

30 .05@ .0443 .0418 .0391 .0387 -0397 -0394 -0459 .0459 .0443 
45 -0729 .0680 .0640 -0591 .0601 .0560 .0533- .0581 .0566 .0566 
60 .0804 .q16 .0716 .q16 .0685 .0605 .0582 .0624 .0588 .0567 
75 .096c .0909 .0884 .0884 .0803 .0690 .0663 .0687 .0641 .0606 
90 .112 -107 .116 .110 .0904 .0838 -0747 -0732 
105 .138 .136 .=7 .121 .iq .0985 .0934 .q98 .0858 .0838 
120 .150 .149 .132 -125 .112 .lo4 .0990 .0861 -0933 -0959 
135 .190 .165 .152 - 1-37 .121 .io8 .0960 .loo .lo1 
150 .171 .166 .146 .134 .120 .io8 .io6 * 0929 .io0 .0965 
165 .188 -173 .152 -1-39 .i24 .113 .110 * 101 .io6 .io6 
180 .I95 .183 .158 -1-43 .131 .118 * 112 .110 ,112 

0 .0217 .0181 -0155 .oil9 -0139 so139 .0114 .0300 .0300 .0361 
15 00255 .0188 -0162 .0121 .01q .0082 .0091 .01q .oiq .0162 
30 .0358 0332 *0317 .0300 ,0281 -0303 -0273 .0358 -0358 -0307 

45 ,0482 .0442 .0442 .0412 -03% .0381 .0367 .0409 .0357 .0301 

60 .0740 -0709 .0678 .0626 .0594 .05q .0494 .049C .0459 .0448 

75 .0904 .0826 ,0881 .0883 .0657 .0552 . 0 5 ~-0554 .0524 .0513 

90 .119 .113 .113 .lo2 .0821 *0?7c .qo3 .0692 
1.05 -1-59 1-53 .134 .123 .I24 .lo1 .096; .0822 .0852 .0822 
120 .204 .192 .164 .152 .135 .123 .119 .io5 .io5 .io2 
135 .222 .202 177 ,163 .145 .128 .io8 .112 .io8 

150 .242 .220 195 .176 .I58 ,145 139 .120 .le6 .115 

165 237 .218 .I89 .l74 .158 .143 .140 .118 .125 

180 .250 -227 199 179 .165 .151 .145 01-35 .u6 .24 
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TABLE 11.- VALUES OF q/& FOR R / r b  = 0.0625 - Continued 

(b) Re: = 1.a<106per foot, = 19.0 Btu/sq ft sec - Concluded 
.. 

a = 15' 
.~ 

XS 


0.380 10.466 0.724 0.811 

0 0.0172 0.017; 3.019 0.0296 i0.0325 1.0349 0 . 0 q t  3.0411 3.0364 
15 .0203 . o q 7  .0147 .0102 .007 6 . o q 7  .0101 .005c .0050 
30 .0298 .024� .0224 00199 0159 .0157 .0165 .017 1 .0174 
45 -0377 .0351 eo327 .03 11 .oq6 .oqg .022c .023 1 .0211 
60 .0596 .054� .0527 -0489 .0388 .0322 .oq; .03 4C .03 14 
75 .0826 -0773 00773 .0610 .0526 .0465 .039  .0447 .Ob00 
90 .131 .120 .116 .loo ,0818 . q 5 5  .0641 

105 .169 .154 -133 .125 . io9 .lo0 .093t .o?@ . q 8 9
120 .210 .190 ,169 -155 .136 . ~ 4.118 .loo .loo 
1-35 .247 .230 .198 .183 .163 .143 .121 .124 
150 .288 .262 .224 .206 ,185 .169 .161 .140 .143 
1.65 .287 .254 .218 .178 .166 .153 .145 
180 .308 .288 -251 

~~ -227 ,180 .I77 163 * 153 
a = 20' 

. .  . . .  

0 ,0250 .03 40 .0451 .0451 -0391 .038c .0304 .0381 * 0350 
15 .0223 .0136 .0163 .0109 .012c .013c - 0159 .0065 .0065 
30 .017 2 .0147 .0128 .0098 .0078 .0087 .0072 .0088 .0059 
45 .0265 .0265 .0245 .0235 -0177 .0174 .013 1 .0142 * 0137 
60 .0522 -0475 .0443 .0365 .0300 .0254 .0222 .0245 .0224 
75 .0828 q 2 8  . q o 2  -05% .0450 0379 a0331 .0388 .0356 
90 ,126 f111 .io7 .0942 q 6 1  .q11 .0611 

105 .180 .164 .141 .128 .115 . lo4 .lo1 .0812 .0851 .078 6 
120 .230 .209 1-77 .164 .150 .136 .132 .io8 .114 .105 
135 .286 .262 .228 .206 .184 .161 '137 .141 .130 
1-50 .331 .310 -260 .236 .218 .198 .189 .164 .164 .156 
165 ,338 .299 .259 ,213 199 .184 - 177 .167 
180 377 -343 .290 .269 .238 .214 .206 193 .181 

- . .  ­~~ ~ 

* 
- ( c )  Re, per foot, = 22.9 Btu/sq ft sec 

. .  . .  . ~ . .  

a = O0 

~- . .  .~. . 

= 1 . 8 ~ 1 0 ~  

_ _ _  

. .  ~~0,  deg 
0.207 0.250 0.293 10.380 

o 0.118 0.114 -0..110 . . .  . 10.106 

. ~L 

XS/L . - .  .. . 

10.466 10.552 10.638 10.724 

.- . ..... .. 10.0957 10.0820. 10.0764 10.0787 
a = 50 

-... .. .__ - . ~. . - .  

o .0447 .0532 -0371 .0250 .0205 .0209 .0221 .0189 .0189 .0242 
90 	 .119 .115 . i i 4  .iii .0947 .0877 q 9 8  q 8 6  

.180 .205 .190 .169 .i53 .i35 . .. i24 .119 .116 .114 .0987 
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TABLE 11.-VALUES OF q / G  FOR R/ rb  = 0.0625 - Concluded
* 

(c)  Re, = 1.8~10~per  foot ,  & = 22.9 Btu/sq f t  sec - Concluded 

o.250 

o 0.0223 0.0142 

90 1 .128 .I24 
180 ,265 237 

a = 15'7.0342 .Oh03 .0453 .0464 -0484 .0443 
.lo2 .0816 .0770 .068i .0665 

180 .324 .2% .256 .208 .206 .181 .177 .167 1-57 .158 


O .0281 -0346 .OW2 .0523 .O446 .0394 .0394 .0346 .0302 

90 .132 .117 .iii .043 .q72 .q92 .q40 .0639 .0603 

180 .380 .358 .306 .q5 .247 .220 .215 .201 .191 




--- 

--- --- 

-- -- 

--- --- 

--- --- 

-- 

--- 

TABLE In.- VALUES OF q / ~FOR R / =~ 0.183 

. . ­

~...xs /L . '' 
d e g ' 0 . 2 q  0.250. 0.293 10.380 (0.466 10.552 
o 0.104 0.0845 0 . q o 4  10.06101 

____ 

.0560 

.os60 

.0840 
... 

.0156 

.0655 

.0281 .0191 .oi35p180 

.225 .238 .236 ,214 

10.0563.. 

a = 50 

.093 4 
a = 15O 
.._ 

.0063 .0078 
.0669 

a = 200 

- .  . 

(0.638 10.724 (0.811 10.8%. 
.. ...10.0518 10.0516 lo.051610 .o5it 

.~ . .. ­

.0186 .0168 .Ol@ 
- 0513 .0512 .0467 
.0840 .08 40 .083e 

,0195 
-0517 

. .  . 

.0205 .0242 

,155 .134 
. .  

(b) Re*, = 1.a<106 per foot, = 19.0 B t u / s q  f t  sec 
. ?  ...~ . .  

a 
. -. 

= oo J
1. _-.?E . . . ..-­

. -~(0.638 10.724 10.811 .[0.897(.10.466 b . 5 5 2  - ._.. 

10.0664 1oo I0.122 I o  .0968 [o ,0775 10.0692 1 
- .  .. 

5O - . .  .J - .. . __  

0 .095e . 9 2 4  00549 .0459 0299 .0200 ,0175 ,0125 
15 .0865 .0664 .0508 .0424 .0290 .024a .0167 ,0112 

45 
60 
75 

-095s 
. lo4 
.112 

.Q42 

.0814 

.0888 

-0553 
.0625 
.0699 

.0482 
0539 

.0612 

- 0379 
,0470 
,0562 

00358 
.0445 
.0562 

-031.5 .0q1
.Ob17 .0458 
,0562 .0602 

90 .120 .0898 00799 .0699 .0698 .0698 .0699 .0699 
105 
120 
135 
150 

.114 
- 137 
.140 
.141 

,0921 
.117 
.119 
.119 

.Q81 

.lo4 
* 1q
.lo8 

. q 2 5
-0977 
. io3 
.io8 

.Q14 
* 0992 -107
.io8 

,0714 
.0936 
.0992 
.io3 

-0709 ,0686 
.088 5 ,0916
.0916 *055 
.0922 .0922 

1.65 
180 

.141 

.156 
.120 
.132. 

.113 

.120 -. 

.110 

.120 
. io9 .io5 

_..115 
'0937 -0949 

105.-1.07. _. 

30 .0911 .0694 -0579 .043 4 .0326 .0290 ,0239 .0q1 

28 
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TABLE 111.- VAWES OF q/G FOR R/r,, = 0.183 - Continued 

(b) Re: = 1.a<106per foot ,  co = 19.0 Btu/sq f t  sec - Concluded 

a = 100 

‘L 
c p 9  deg 

3.207 ~ 2 5 0  293 ) .380 1.552 1.638 ).724 0.811 0.897 
0 3.0664 .0487 1.0338 .0248 1.ol22 ) .0122 .0122 0.0122 0.0138 

15 ,0661 -0499 0358 -0257 .0141 .o i l9  .oioo .0076 .0108 
30 . q 1 2  .0540 -0393 .o289 .0200 .0189 .0135 .0177 .0174 
45 .0798 .0611 ,0454 -0373 .0284 . o q 2  . O q 2  ,0247 .0252 
60 *OB99 .0688 .0528 .0424 .037 4 -0374 .0374 .0347 .0402 
75 . lo4 .08 14 .0643 -0575 .0542 .0542 .0573 .O548 .0552 
90 .111 .0802 *0776 -0776 .0693 .0693 . q 2 0  . q 2 0  .0665 
105 0127 .io6 .0921 .0921 0932 .0921 .0813 .0845 .0796 
120 .158 .136 .132 .132 .130 .118 .113 .116 
1.35 177 .156 .147 .161 .144 .129 .116 .121 
1-50 .189 .172 .167 .178 ,155 .140 .135 .142 
1.65 1-95 .174 .170 .184 -1.55 1.37 .133 .141 
180 ,189 177 177 .183 .155 .144- .144 .144 .149 

a = 15O 
1 

0 .0500 -0337 .0258 ,0158 .0110 .0095 .0205 ,0316 
1-5 0455 .0322 .0222 -0133 .0061 .0050 .0050 .0050 
30 -0509 -0373 .o265 .0163 .0141 .o i l9  . o g 3  .oqo 
45 .0629 .0485 .0348 .025�! .0223 .0198 .0177 .0202 
60 .0699 ,0543 .Ob09 .03 11 .0298 .0289 .oqi -0273 
75 .0906 .q10 .0546 .0491 .0502 -0513 -0535 .Ob59 .0437 
90 .116 .0894 . q 2 6  . q 2 t  .q11 .q11 .0621 .0631 

105 .122 0999 .0888 .0944 .0949 .0888 .0810 .0810 
120 .164 .147 .147 .156 .129 .116 .118 .126 
135 .210 .194 .189 .202 .166 .148 . i45 .152 
150 .222 .214 .214 .214 .174 .158 .154 .162 
165 .219 .211 -211 -214 -175 .I64 

.184180 .250 .247 .247 .242 * 1% .192 .18 311.z 
a = 200 

~ 

0 .03@ .0250 -0153 .010; .0215 .0296 .03 58 .0409 ,0409 
15 -0349 .0240 .0164 .0087 .o i l5  .0131 .0131 .oio4 .0109 
30 .0423 .0302 .02q  .012t .0058 .0048 .0036 .0035 
45 .0511 .0386 .oqo .021: -0155 .0145 .0120 .0150 
60 .0642 .0489 .03 46 .028 5 .0280 .0280 .0233 .0255 
75 -0833 .063 4 .ob82 -045C .0508 -0477 .0381 ,0425 
90 .111 .08@ . q 6 6  .07 6t .0664 .0613 ,0587 .0587 .0608 

105 ,134 .110 . lo4 . io9 .130 .0922 .0867 .0867 
120 .198 . l74 .174 .186 .150 .134 ,128 .132 
1.35 .238 -233 -233 ,230 .187 .169 .159 .160 
1-50 * e 7  -277 -277 .260 .211 .191 .176 .181 
165 -278 .289 .300 .265 .218 .200 .191 .191 
180 .296 .306 .306 -276 .230 .217 .204 .199 
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--- 

--- 
--- 
--- 

- -  

XS/L 


-. . .9, deg 0.207 0.250 10.293 10.380 10.466 10.552 10.638 io.724 i0.il1j0.8% 

~. .. .o 0.122 -0.101[0.085910.q521 10.064610.0645 10.0645 10.0645 10.0601 

.~ . - .. ~ . . . - -.. .-.. . ­

o .o%i ,0709 .0569 .0407 .0263 .0219 -0184 .0184 .0153 
90 .122 .0962 .0831 . q o o  .0612 .0612 .0612 .0634 .0678 

180 .166 _ _.149 .131 .:131. .131-- _.122 .114 .114 .114 

. . 

.0108 .0095 -0078 .0065 .0065 

. q l 4  . q l 4  .0693 . q 7 9  .a758 

. l73 .165 .174 .182 .184 
.-

. - - .  . ~..... .~ - _ _  

0 .Ob55 	 .0130 .0156 ,0217 .0217 
. q 5 0  a650  .068i .0693 
. i99 -215 .221 .230 

~ . .. . . . . . . .. . . .  . 

o .0338 ,0211 .0211 .0211 .0296 .0380 .0423 .0423 
90 . i i 4  .0908 . q 6 1  .0761 .c6% .0655 .0656 .07 10 

180 	 .304- .313 . .317 .287 
..-239 -239 0239 ,243 

. . ~ - .- .. .- . 



(b) R / r b  = 0.183 

Figure 1.- Model mounted on the  quick i n s e r t  device i n  the  3-1/2 foot  
hypersonic wind tunnel .  



Al l  dimensions in inches 15" 

R =  

X 

I Thermocouple posit ions 

x / R  (R/rb=0.0625) I x / R  (R/rb=0.183) 

p

.638 
.724 

.81 I 

.897 

9.49 I .35 
12.07 2.23 

14.64 3.10 
19.81 4.86 

24.95 6.62 
30.1 2 8.37 

35.27 IO. I 3  

40.40 11.89 

45.57 13.64 
50.70 15.40 

Figure 2.- Details of model with alternate tips. 
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.I :I[ & 
0 

0 I I I I 1 I 


0 '  
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I I I I I 


0 .2 .4 .6 .8 1.0 
*s /L  

(a) R / r b  = 0 

Figure 3 . - Experimental hea t ing- ra te  d i s t r ibu t ions  of  t he  15" conical model; 
M, = 10.6, Re: = 1\2x106 p e r  foot .  
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0 
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.2 
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X S  /L  

(b) R/rb = 0.0625 

Figure 3.- Continued. 
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I­

.02Ol- \ 

.008 ­
- hd 

.006 ­

0
+, deg a,deg- 180 

@ 0 
A A 5 
m a  I O  

- + o  15 
- v  v 20 
-
- Solid symbols = leeward 
- Open symbols windward 

.004-
.2 .3 .4 .6 .8 1.0 .2 .3 	 .4 .6 .8 1.0 .2 .3 .4 .6 .8 1.0 

xs/L 

(a) Re: = 0 . 4 ~ 1 0 ~per  foot .  

Figure 4 . - Effects  of bluntness and angle o f  a t tack on heat ing-rate  d is t r ibu t ions  f o r  
4 = 0" and 180"; M = 10.6. 
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-- R/rb=0.183 

.80 ­
-

.60 ­
-

.40 ­
.L 

0
$Ideg a,deg

180~~ 

0 0 
A A 5 

0 I O  
0 15 

Solid symbols = leeward 
Open symbols = windward 

.-'W
r' 

.2 .3 .4 .6 .8 1.0 
xs/L 

(b) Re; = 1 . 2 ~ 1 0 ~per foot. 

W Figure 4.- Continued. 
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.400 

.300 

.200 

. I O 0  
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#Ideg a,deg

180- ­
.008 - @ 0 c Solid symbols = leeward 
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--'I v 20 
.004-

.2 .3 .4 .6 .8 1.0 .2 .3 .4 .6 .8 1.0 .2 .3 .4 .6 .8 1.0 

0 15 
* 

xs/L 

( c )  Re: = 1 . 8 ~ 1 0 ~per  f o o t .  

Figure 4 . - Concluded. 



I( 4 4 x IO6 

E 3 3 

8 

*a, 


Me . Y2 2 ReT 
0)

*a, 
[r 

L I \ I 

--Windward Leeward 

L - 0 I I 0 
15 IO 5 5 IO 

a ,  deg 

(a) Sharp cone, R/rb = 0. 

Figure 5.- Effect of angle of attack on Reynolds number for transition. 
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5 x IO6 
IO 


IR / r b  Re*,,ft­
0 0.0625 1.2X106 
0 .0625 1.8 
0 .I83 1.2 

.I83 1.8 

-Re, 4 
1E 

8 

*a,


%
Me Q)

*a,
I1I 


* * 
Re, /Re, 

2 (sharp Cone) 

Me Rge /R%, 
(blunted coni 

(b) Blunted cones. 

Figure 5.- Concluded. 
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\\ Theory 

( a )  
I I 1, 

(a) R/rb = 0 

/ With entropy gradients 

U V n 

I I i i i 

(b) R/Rb = 0.0625 

.2 

With entropy gradients 
. I  

,Tang ent point 

I I 1 1 1 
0 .2 .4 .6 .a 1.0 

x s / L  

(c) R/rb = 0.183 

Figure 6.- Comparison of heating-rate distributions with theory for 01 = 0"; 
Moo = 10.6, Re* = 1 . 2 ~ 1 0 ~per foot. 

m 
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0 IO

I- 0 15 
v 20
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,061 I I I I I I l l 1 I I I I I I l l )  
.01 .02 ' .04 .06 .08 . I  .2 .4 .6 .8 1.0 

P'PSZ 

(a) Using tangent-cone pressures.  

Figure 7 . - Correlation of sharp-cone heating r a t e s ;  M, = 10.6,  Re; = 1.2x106, 6 = lSO, 
30' < cp < 180". 
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(b) Using measured pressures. 

Figure 7.- Concluded. 
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-
sin w s z  

.5 -

Figure 8.- Comparison of stagnation-line heating rates with simple sweep theory;
-
R g m  = 1 . 2 ~ 1 0 ~per  foot, w s z  = ct + 6 - 5", R / r b  = 0 .  
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Figure 9.- Correlation of blunt-cone heating rates; Mm=10.6, 6 =15", a =  20".  
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(a) c1 = 5" 

Figure 10.- Comparison of blunt-cone he:ting-rate distributions with theory
f o r  ct > 0"; Mm = 10.6, Rem = 1 . 2 ~ 1 0 ~per foot. 
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(b) ci = 10' 

F i g u r e  10 . - Continued. 
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(c) 0. = 15" 

Figure 10.- Continued. 
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(d) ct = Z O O  

Figure 10.- Concluded. 
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Figure 11.- Comparison of surface flow with inv isc id  theory; M, = 10.6 ,  Re: = 1 . 2 ~ 1 0 ~per  foo t ,  
6 = 15". 



120" 4 600 /R/rb=0.0625 

Figure 11.- Continued. 
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. i  Figure 11.- Continued. 
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120" 600 /R / rb  =0.0625 

( d )  a = 15" 

Figure 11.- Continued. 
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Figure 11.- Concluded. 
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